The goal of the study was to investigate whether chitosan-citrus essential oil com- 
| INTRODUC TI ON
Pacific mackerel (Pneumatophorus japonicus) is an abundant species of pelagic fish and spoils easily. Thus, how to maintain its freshness is a predominant issue for researchers (Cao et al., 2013) . Up to now, the methods to keep the freshness of aquatic products have been well-developed, including low temperature, biochemical preservation, high pressure, the modified atmosphere, irradiation, and ozone preservation (Wu et al., 2014) . Low-temperature storage is the most common method used in the preservation of fresh aquatic products, but deteriorative changes still occur during the process of freezing, storage, and thawing, leading to the changes in flavor, odor, texture, and color (Tironi, Tomás, & Añón, 2010) . Bacteria keep growing during freezing storage, either (Carlez, Rosec, Richard, & Cheftel, 1994; Dainty & Mackey, 1992) . Superchilled storage combined with biopolymers is one of the ideas currently applied. As polymer coating materials have the advantage of preserving water as well as the properties of antioxidant and antibacterial, there have been a broad range of applications in the field of food preservation. Among these polymer coating materials, chitosan (CS) is a biopolymer with a wide range of bio-applications.
Chitosan is a deacetylated derivative of chitin, and it is a kind of natural polysaccharide with biological macromolecules in which α-amino-d-glucose connect to β-1,4-glycosides and bond. Study of Jeon, Park, and Kim (2001) showed that 0.1% of chitosan (degree of deacetylation: 89%, average molecular weight: 685,000) definitely inhibited gram-positive bacteria including Streptococcus mutans, Micrococcus luteus, Staphylococcus aureus, Staphylococcus epidermidis, and Bacillus subtilis, and the minimum inhibitory concentrations for lactic acid bacteria were <0.03%, while 0.1% of chitosans with the molecular weight of 28-1,671 kDa were proved to have the minimum inhibitory concentrations of 0.08% for Bacillus megaterium and Bacillus cereus (No, Park, Lee, & Meyers, 2002) . Tsai, Su, Chen, and Pan (2002) observed that the minimal lethal concentrations of chitosan There have been many researches focusing on the use of chitosan or essential oil to extend the shelf life of aquatic products during storage. Fernández-Saiz, Sánchez, Soler, Lagaron, and Ocio (2013) observed that chitosan films had an inhibition effect of refrigerated sole and hake fillets packaged in air and under vacuum.
Bingöl, Bostan, Uran, Alakavuk, and Sivri (2015) indicated that the moisture loss could be reduced for Parapenaeus longirostris coated with chitosan. Souza et al. (2010) observed that chitosan-based coating could extend the shelf life of salmon for 3 days. Four plant essential oils including clove leaf oil, clove bud oil, rosemary oil, and thyme oil incorporated alginate gels were proved to better control the quality of Pangasianodon hypophthalmus fillets by Rao, Jesmi, and Viji (2017) . Matan (2012) proved that essential oils including cinnamon oil, clove oil, anise oil, turmeric oil, guava leaf oil, nutmeg oil, and lime oil incorporated with edible film could extend the shelf life of dried fish (Decapterus maruadsi).
Some studies have also been researched on the combination of chitosan-essential oil in films in extending shelf life of fish products. Remya et al. (2016) observed that chitosan incorporated with ginger (Zingiber officinale) essential oil could efficiently keep the quality of chilled stored barracuda (Sphyraena jello) fish. Edible coatings of chitosan in combination with carvacrol were proved to delay the emergence of total volatile bases in ice-stored tilapia (Oreochromis niloticus) fillets. Chamanara, Shabanpour, Khomeiri, and Gorgin (2013) showed that chitosan coating with thyme essential oil was able to prolong the shelf life of rainbow trout (Oncorhynchus mykiss) for approximately 6 days. Gómez-Estaca, De Lacey, López-Caballero, Gómez-Guillén, and Montero (2010) observed complex gelatin-chitosan film incorporating clove essential oil could drastically reduce gram-negative bacteria in fish fillets during chilled storage.
Citrus essential oil is a kind of essential oil extracted from the peel of citrus, with excellent antibacterial and antioxidant properties (Djenane, 2015; Javed et al., 2014) . It is reported that citrus essential oil (1:2 diluted by ethanol) can inhibit the growth of yeast, fungi, spore bacteria, and food toxin-producing bacteria (Deans & Ritchie, 1987) . Zohra et al. (2015) As a byproduct of citrus, a fruit widely distributed in temperate zones, citrus essential oil is easy to obtain, and the cost of extraction is relatively low, and it is proved to be an economical natural oxidant.
However, citrus essential oil is easy to volatilize and oxidize when exposed to air; thus, combining essential oil with chitosan could be an economical and easy-realizable way to prolong the shelf life of aquatic products. Thus, this study aims to evaluate the antioxidant and antibacterial ability of chitosan-citrus composite coating, and investigate its effect on the preservation of Pacific mackerel. Briefly, chitosan was used as the matrix material to form a thin film on the surface of Pacific mackerel. According to Duun and Rustad (2007) , most foodstuffs hold the initial freezing point at −0.5~−2.8°C, and 1-2°C below the freezing point, the fish products could be partial freezing, and its shelf life could be longer than the traditional 4°C storage. In order to observe the influence of chitosan-citrus essential oil over a longer period, all samples are stored at −3°C. Lipid oxidation and protein denaturation to Pacific mackerel during superchilled storage were studied. The results would contribute to the research for an effective and low-cost preservation method of Pacific mackerel.
| MATERIAL S AND ME THODS

| Materials
Pacific mackerel (28-30 cm in size, weight 230-250 g) were purchased at local fishery market (Zhoushan, China) and transported back to the laboratory in ice. Chitosan with deacetylation degree of 95% and molecular weight of 80-90 KDa was purchased from Qingdao Yunzhou Biotechnology Co. Ltd, China. Citrus essential oil was purchased from Flowers Shop TM (Shanghai, China) and encapsulated in a glass bottle under 4°C. Analytical grade chemical reagents were purchased from Sinopharm Group Chemical Reagent Co., Ltd., (Shanghai, China).
| Design of experiments
The chitosan-citrus essential oil coating solution was prepared using the following method. According to previous research (Giatrakou, Ntzimani, & Savvaidis, 2010; Ruan & Xue, 2002; Wu, Fu, et al., 2016; Wu, Li, et al., 2016; 
| Fourier transform infrared spectrophotometry (FT-IR) of films
FT-IR spectra were recorded using a Thermo Fisher Nicolet. KBr disks of samples were prepared, and the analyzed wavelength range was 4,000-400 cm −1 .
| Determination of antimicrobial activity
Escherichia coli O157 (E. coli) and Listeria monocytogenes CICC21633 (L. monocytogenes) were used as the test bacteria. All samples were dissolved in 1% acetic acid. The antimicrobial activity was evaluated by the inhibition zone assay in agar medium with
Oxford cup method, and 200 μl of sample was loaded on each oxford cup (Hu et al., 2017 ).
| Determination of superoxide anion radical scavenging activity
Take 4.5 ml Tris-HCl (pH 8.2), which had been preheated under 25°C
for 25 min, add chitosan-citrus solution of 1 ml, and 25 mmol/L pyrogallol solution of 0.4 ml, after mixing the reaction at 25°C for 5 min, terminate the reaction by adding 1 ml hydrochloric acid solution of 8 mol/L, and the absorbance was measured at 299 nm wavelength. The control group and the blank group were added with the same volume (1 ml) ethanol and ascorbic acid solution instead of the sample, respectively. Samples of superoxide anion radical scavenging (E) were calculated by formula 1.
In formula 1, A 0 represented the absorbance of the control group; A i represented the absorbance of the sample.
| Determination of hydroxyl radical scavenging activity
The hydroxyl radical scavenging activity of materials was measured using the method of Liu, Chen, Kong, Han, and He (2014) . The reactive sulphydryl content (R) was calculated using formula 2.
In formula 2, A 412 and A 532 represented the absorbance of the assay, where A 412 and A 532 are the absorbance of the assay solution at 412 and 532 nm, respectively.
(1) Chomnawang, Nantachai, Yongsawatdigul, Thawornchinsombut, and Tungkawachara (2007) . Biogenic amine (BA) was measured according to the method of Wu, Fu, et al. (2016) , Wu, Li, et al. (2016) and . The thiobarbituric acid-reactive substances (TBARS) contents were determined according to the method of Kim, Yim, and Choi (1995) .
| Determination of the total viable count (TVC) and total psychrotrophic count (TPC)
The measurement of TVC was modified from Wang, Wang, Liu, and Liu (2012) , Rao et al. (2017) and Ojagh, Rezaei, Razavi, and Hosseini (2010) . Approximately 5.0 g of Pacific mackerel sample was homogenized with 45 ml of sterile 0.9% (w/v) normal saline (NS). The resulting suspensions were serially diluted (1:10) in sterile NS for bacteriological analysis. The total microbial counts were determined by the pour plate method using plate count agar. For TVC, the inoculated plates were incubated at 37°C for 48 hr. For TPC, the inoculated plates were incubated at 7°C for 10 days. Results were showed by the logarithmic of total number of colonies (lg cfu/g).
| Sensory evaluation
The appearance, odor, and organization of Pacific mackerel are evaluated by 37 trained food professionals. The evaluation criterion is shown in Table 1 .
| Statistical analysis
Data were analyzed using analysis of variance (ANOVA), statistical correlation was evaluated by Pearson correlation coefficients, and a p-value <0.05 was considered statistically significant. 
| RE SULTS AND D ISCUSS I ON
| Analysis of CEOs components
Constitutes of CEO identified and quantified by GC-MS are shown in Table 2 . In all of the 30 kinds of compounds that have been detected, Ɗ-Limonene holds the highest proportion of 90.23%. Ɗ-Limonene is one of the most common terpenes in nature and is considered to TA B L E 1 Sensory evaluation standards of pacific mackerel
Items
Evaluation standard
Extremely love 9
Like 6-8
Dislike 2-5
Extremely dislike 1-2
Appearance
Of normal color, the section of the muscles is glossy, the color is evenly distributed, and the surface is bright, not with too much water and smooth.
Of normal color, the section of the muscles is glossy, and the surface is comparatively bright with a little water.
The color is slightly dim, and the section of the muscle is slightly shiny. Apparent moisture exudation on the surface.
The color is dull, dull muscle section. Extremely water loss occurs.
Odor Strong inherent scent of pacific mackerel and of no peculiar smell.
Comparatively strong inherent scent of pacific mackerel and basically of no peculiar smell.
Slight inherent scent of pacific mackerel and of some peculiar smell. have low toxicity (Sun, 2007) , and it has been listed as the "Generally 
| FT-IR spectrum of films
FT-IR, which is broadly used to identify the functional groups, was used to analyze whether CEO has been successfully mixed into CS.
The FT-IR spectrums of T1, T2, and CEO were shown in Figure 1 .
Both T1 and T2 showed peaks at around 2,879 cm −1 , corresponding to N-H stretching vibration absorption peak of chitosan. The intensity of the scissoring vibration absorption peak of O-H at around 1,376 cm −1 was similar in T1 and T2. Compared with T2, the intensity of bending vibration absorption peak of N-H at around 1,646 cm −1 in T1 was slightly reduced, which could be attributed to the superposition effect of CEO and CS for similar functional groups was identified in the spectrum of CEO. Conversely to this trend is that the intensity of peaks at 886 cm −1 decreased in T2 compared to T1, indicating the presence of CEO in T2 (Li et al., 2018) . The FT-IR spectrums showed that CS and CEO were successfully mixed in T2.
| Superoxide anion radical scavenging activity and hydroxyl radical scavenging activity of chitosan-citrus and chitosan solution
The superoxide anion is a major agent in the oxygen toxicity (Sawyer & Valentine, 1981) , and it was closely related to the biological course including apolexis, inflammation, and tumor. (Sun, Xie, & Xu, 2004) . Figure 2a shows the superoxide anion radical scavenging activity of both chitosan material and chitosan-citrus coating in terms of concentration. As the concentration of solution increased from 0% to 50%, the superoxide anion radical scavenging activity of both chitosan-citrus and chitosan coating agent solution increased, indicating their super oxygen-anion free radical scavenging ability is strongly concentration dependent. This scavenging ability is substantially larger for chitosancitrus than that for chitosan. Adding citrus to chitosan reinforces the clearance rate of superoxide anion radical. Besides, the amino groups in chitosan can react with free radicals to form most stable macroradicals, which can partly explain the scavenging effect of chitosan. Moreover, the contents of d-Limonene in citrus essential oil are more than 90% (Wu, Fu, et al., 2016; Wu, Li, et al., 2016; Citrus essential oil exerts its bactericidal effects at the membrane level, where they increase the permeability of the cell membrane (Nannapaneni et al., 2008) . It has been reported that the antibacterial property of chitosan could be due to its polycationic nature, which could interfere with the negatively charged residues of macromolecules at the surface, interacting with the membrane of the cell to alter cell permeability (Fei Liu, Lin Guan, Zhi Yang, Li, & De Yao, 2001 ). The antibacterial effect of chitosan-citrus essential oil composite was resulted from the synergistic effect of those two kinds of antibacterial agent.
| The effect of chitosan-citrus coating on the preservation properties of Pacific mackerel meat during superchilled storage
The fish meat of control group completely decayed in the 12th day, so the experiment on preservation of CK stopped at this stage and the data were no longer collected for this group.
| Drop loss (DL)
The degree of decay on dead fish can be reflected by its drop loss (DL). The increase of DL indicates the adverse changes of the fish.
As shown in Figure 3a , the DL of all the three groups increased from the beginning of the superchilled storage, which indicated that the quality of Pacific mackerel gradually got worse. The fastest rising speed of DL occurred in the first 3 days of superchilled storage, and during this period, the rising speed of DL in CK was significantly faster than the other two groups (p < 0.05). The rising speed of DL slowed down later, and T1 and CK showed the same trend that slightly higher than T2 (p < 0.05), indicating that the chitosan has slight effects on DL of refrigerated Pacific mackerel. The chitosan-citrus composite coating helped to hold the water in Pacific mackerel. Possibly, the functional groups of citrus essential oil interact with the hydroxyl and amino groups of chitosan, causing the decrease of free space in chitosan molecules and its molecular mobility; therefore, the chitosan-citrus composite coating has a strong barrier property. The bacterial destruction of muscle tissue which accelerated the loss of water in cells was slowed down by the blocking function of composite coating, while the hydrophobicity of the citrus essential oil would reduce the water vapor transmission rate in the composite coating and reduce the water evaporation in muscle tissue.
| pH
The pH value indicates the acidity and alkalinity of fish meat, reflecting the freshness of fish after death. During different stages after fish death, different biochemical reactions occur in vivo, leading to regular changes of pH in fish. Figure 3b showed the changes in the pH of the Pacific mackerel during superchilled storage. In the three tested groups, the pH of Pacific mackerel showed a trend of decline after rise. Similar phenomenon has also been obtained for other marine fish species during superchilled storage (Gao et al., 2014) . This could be explained by the physicochemical changes in the fish meat after death. The decline of pH in the early stage of superchilled storage may be related to the accumulation of lactic acid, ATP, and phosphocreatine under oxygenfree environment after the fish died. In the later stage of storage, the value of pH increased again, which is mainly due to the dissolving of endogenous protease in fish body. In the rigor mortis stage after death, there is no significant change in the freshness of fish body.
The results in Figure 3b indicated that the decrease rate of CK in the first day was faster than T1 and T2, and the pH of CK was always lower than T1 and T2. The pH value of these three groups all declined to around 5.75 followed by the rapid increase from the third day. The results of variance analysis showed that from the 6th day, the pH of CK is significantly higher than T1 and T2, while T2 is slightly higher than T1.
The above results showed that chitosan could reduce the de- 
| Thiobarbituric acid-reactive substances (TBARS)
Pacific mackerel is rich in lipids, which is easy to oxidize and effected tively. On the 12th day, the content in CK was nearly 1.5 times of the other groups, indicating that the chitosan can prevent the oxidation of unsaturated fatty acids in Pacific mackerel effectively, and it is highly due to the characteristic that chitosan can form film to block oxygen. There were also some differences between T1 and T2. Before the 3rd day, there was no significant difference between the two groups (p > 0.05), and after 3 days, the content of TBARS was significantly higher in T2 than in T1 (p < 0.05), indicating that chitosan matrix added with citrus essential oil can prevent the increase of TBARS content better. In the work of Wu, Fu, et al. (2016) , Wu, Li, et al. (2016) and , Pacific mackerel was coated with chitosan-gallic acid and stored under 4°C. At the end of storage, the TBARS value of control group and experimental group was 7.93 ± 0.39 mg MDA/Kg and 4.17 ± 0.18 mg MDA/ Kg, respectively, similar with the results of this study. Citrus essential oil contains d-limonene, which has the ability to scavenge free radicals and prevent lipid peroxidation (Singh, Nam, Arseneault, & Ramassamy, 2010) . The superposition effect of antioxidant effect in both citrus essential oil and chitosan may be mainly related to the result. In another aspect, the network structure of the composite membrane is more compact than that of chitosan, which reduced the oxygen permeation rate, therefore inhibited the occurrence of the lipid oxidation.
| Total volatile basic nitrogen (TVB-N)
Fish protein tends to be decomposed by endogenous enzymes and microorganisms, and alkalinity substances such as ammonia and amines are produced during this process. Those unstable substances are called total volatile basic nitrogen (TVB-N), which is an important index of the corruption of fish meat.
The change of TVB-N value of Pacific mackerel using 3 different methods during superchilled storage was shown in Figure 3d .
Generally, the content of TVB-N had an increasing tendency during superchilled storage. On the first day, the value of TVB-N in CK and T1 increased slowly. Moreover, the Pacific mackerel was in the period of rigor mortis, the protease in fish released, making the content of TVB-N increase, but the growth speed of microorganisms was rather slow so that the speed of increase on TVB-N was slow as well. Later, the TVB-N values of both the control group and the coated samples increased significantly (p < 0.05) with the extension of storage time. The control samples reached a TVB-N value of 49.44 ± 1.94 mg/100 g at day 12, and for coating samples, the TVB-N levels of T1 and T2 groups reached 38.66 ± 4.82 and 30.21 ± 2.67 after 12 days, respectively. It was reported that the TVB-N limitation of "good quality" was up to 30 mg/100 g (EU/EC, 2008; Jinadasa, 2014). According to this regulation, CK exceeded this limitation at the 6th day, while T1 and T2 reached the limitation at the 12th day and the 15th day, respectively.
These two materials could slow down the increase of TVB-N in Pacific mackerel as well as the spoilage on Pacific mackerel during superchilled storage. Compared with the two treated groups, the content of TVB-N in T1 was much higher than T2, indicating that the chitosan adding citrus essential oil had better effect on the superchilled storage of Pacific mackerel and suggested the assistant role of citrus essential oil on antiseptic and fresh keeping. This phenomenon was closely related to the antibacterial property of chitosan-citrus coating, and the enhancement of the barrier performance also reduced the invasion of microorganisms, thereby slowing the rise of TVB-N in T2.
| Total viable count (TVC) and total psychrotrophic count (TPC)
The total number of colonies is an important indicator for fish spoilage. Figure 3e reflected The changing regulation on TPC of Pacific mackerel stored under −3°C exhibited similar trends toward TVC, as shown in Figure 3f . It was due to the fact that a majority of the bacterial existed under storage temperature (−3°C) were psychrotrophic bacteria. In the initial storage, the TPC value of the three groups was around 3.6 lg (CFU/g). At the 12th day of storage, the TVC value of CK, T1, and T2 were 5.18 ± 0.032 lg (CFU/g), 4.69 ± 0.084 lg (CFU/g), and 4.46 ± 0.081 lg (CFU/g), respectively. The chitosan-citrus essential oil coating efficiently inhibited the growth of psychrotrophic bacteria during superchilled storage.
| Biogenic amines (BA)
Biogenic amines (BA) are ubiquitous in the seafood. However, ingesting large amounts of biogenic amines can lead to physical discomfort. The content of BA is directly related to the degree of corruption.
The changes in biogenic amines content in Pacific mackerel during superchilled storage were shown in Table 3 . The contents of all kinds of biogenic amine tested in this study were high in Pacific mackerel, and the content of 5-serotonin was even up to hundreds of units. Experimental data showed that the content of biogenic amines in Pacific mackerel was rising during the superchilled storage, although there was a slight fluctuation in the data. From the relevant data, the content of biogenic amines in T1 and T2 groups was less than that in CK group, and basically consistent with the law that CK > T1 > T2, for instance, the content of Spd in the 6th day of storage of CK, T1, and T2 was 71.51 ± 2.70 mg/ 100 g > 21.45 ± 1.80 mg/100 g > 17.34 ± 5.88 mg/100 g, respectively.
The data of histamine (His) also showed the same rule. In the storage of Pacific mackerel (6 days), the His content in Pacific mackerel was 190.
6 ± 6.21 mg/100 g > 63.30 ± 1.34 mg/100 g > 96.1 ± 6.55 mg/100 g in CK, T1, and T2, respectively. At the 12th day, the histamine content of CK has exceeded the regulation of United States Department of Health and Human Services (2011). Shi, Cui, Lu, Shen, and Luo (2012) and Yu, Xia, Xu, and Jiang (2017) reported that chitosan had the ability to inhibit the growth of microorganisms with histidine decarboxylation activity, and limonene (the major component of citrus essential oil) was also proved to be an inhibitor for histidine decarboxylase (Nitta, Kikuzaki, & Ueno, 2017) . The results showed that the chitosan plays an important role in reducing biogenic amine content in Pacific mackerel during superchilled storage, adding citrus essential oil improves the effect.
| Correlation coefficients between different indicators of Pacific mackerel during superchilled storage
The correlation coefficient between different indicators (TBARS, TVC, TVB-N, pH, and DL) of Pacific mackerel during superchilled storage was analyzed, and the results were shown in Table 4 . In all (20112011), Wu, Fu, et al. (2016) , Wu, Li, et al. (2016) and .
| Sensory evaluation
The sensory quality of Pacific mackerel was shown in Figure 4 . During the whole storage period, the sensory scores of all samples showed a downward trend. In the 0 day, the sensory scores of experimental groups were lower than that of CK. This may be due to the acidity of the coating solution. Then, during the storage, the sensory scores of experimental groups were higher. The sensory scores of Pacific mackerel coated with chitosan-citrus essential oil were higher than those of other groups, which may be due to the stronger antioxidant and antimicrobial properties of chitosan-citrus essential oil. Although some citrus essential oil odor could be noticed in T2, in general, the sensory acceptability of the samples over the entire storage period followed 
| CON CLUS ION
The antioxidant and antibacterial ability of chitosan-citrus essential oil composite coating and its ability to preserve the quality of Pacific mackerel during superchilled storage are discussed in this study. Chitosan-citrus has good superoxide anion radical scavenging activity as well as hydroxyl radical scavenging activity with fine antibacterial property. Chitosan-citrus composite coating has better inhibition effect on microbial growth, and it can alleviate lipid oxidation and peroxide production. Adding of citrus essential oil has a more significant effect on controlling the deterioration of the quality of Pacific mackerel during superchilled storage than using chitosan alone. This was supposed to be related to the bacteriostatic effect of citrus essential oil as well as the superposition effect of these two materials. In this study, the chitosan-citrus essential oil composite coating could extend the shelf life of Pacific mackerel for around 3 days. The combination of chitosan with citrus essential oil may be a promising way for maintaining the storage quality of Pacific mackerel. Chitosan-citrus coating has the great potential for the usage in food industry as a food-grade bio-preservative.
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